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This research examines the deposition of Cr3C2-NiCr/cenosphere and Cr3C2-NiCr coatings on MDN 321
steel through the process of plasma spray. In this process, the solid particle erosion test is established at
200, 400, 600 �C with 30� and 90� impact angles. Alumina erodent is adopted to investigate the erosive
behavior of the coating at higher temperatures. The properties of the Cr3C2-NiCr/cenosphere coating are
established based on the microhardness, the adhesive strength, the fracture toughness, and the ductility.
To quantify volume loss as a result of erosion, an optical profilometer is used. At higher temperature,
decrease in the erosion volume loss of Cr3C2-NiCr/cenosphere and Cr3C2-NiCr coatings is observed. The
erosion-resistive property of Cr3C2-NiCr/cenosphere coating is higher than that of MDN 321 steel by
76%. This property is influenced by high-temperature stability of mullite, alumina, and protective oxide
layer that is formed at elevated temperatures. The morphology of eroded coating discloses a brittle mode
of material removal.
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1. Introduction

The impingement of particle on the surface of a target in the
process of material removal is referred to as erosion. The
impingement becomes critical at elevated temperatures in
applications like gas and steam turbines, rotor blades of jet
engine, boiler tubes in coal-fired power plant, etc. (Ref 1).
Service states of such components in high-temperature envi-
ronments may trade off their mechanical properties bringing
about lessoned life cycle. Reasonable surface alteration meth-
ods, for example, plasma sprayed cermet coatings (Ref 2)
upgrade erosive protection for such applications. Cr3C2-NiCr
coatings are normally utilized as a part of high-temperature
erosion, wear and corrosion resistive applications. Carbide
particles embedded in NiCr matrix impart high hardness and
strength to coatings up to 900 �C (Ref 3-5). Further, coefficient
of thermal expansion of Cr3C2 (10.39 10�6 �C�1) is closer to
iron (11.49 10�6 �C�1) and Ni (12.89 10�6 �C�1), which are
the base alloys for high-temperature applications. Such a
composition if chosen, thermal mismatch in high-temperature
environment can be minimized to a great extent. In addition at
high temperatures, protective oxide layer formed on the coating
surface provides resistance to erosion (Ref 6). However, Cr3C2-
NiCr in powder form is quite expensive limiting wide
adaptability in different structural components. This necessi-
tates finding inexpensive solutions and probable alternative in
developing coatings based on industrial wastes like fly ash
cenospheres.

Fly ash is a richly accessible industrial waste, generated
because of combustion of coal in thermal power plants. These
fly ash cenospheres are spherical in shape, economical, and
readily available in powder form and possess superior mechan-
ical properties. They contain mostly oxides of silicon (SiO2),
aluminum (Al2O3), iron (Fe2O3), and mullite (3Al2O3.2SiO2).
Among them, aluminum oxide and mullite have high-temper-
ature stability, wear, erosion, and corrosion resistance (Ref 7-9),
which can be exploited as proposed in the present work. Mishra
et al. (Ref 10) proposed suitability of fly ash coating using
plasma spray technique. Hardness and sliding wear behavior of
fly ash coating deposited using detonation spray technique on
mild steel is studied by Rama Krishna et al. (Ref 11). Their
investigation uncovers that fly ash coating has better hardness
and coefficient of friction than mild steel. Sidhu et al. (Ref 12)
investigated wear, oxidation, and salt corrosion behavior of
plasma sprayed fly ash coating. Their study reveals that coating
exhibits better oxidation and salt corrosion resistance than
carbon steel substrate. Sahu et al. (Ref 13) reported erosive
behavior of plasma sprayed fly ash premixed with aluminum
and noted increasing erosion resistance with aluminum addi-
tion. Behera and Mishra (Ref 14) studied plasma sprayed fly
ash composite coating mixed with quartz and ilmenite on
copper substrate and observed that adhesion strength of
composite coating increased with increase in plasma torch
input level. Sunil et al. (Ref 15) studied effect of process
parameters on the mechanical properties of plasma sprayed
TiO2 and fly ash composite coating. They reported that current
density influences on the mechanical properties of the coating.
Not very many examinations are accessible in later part on
utilization of fly ash coatings. Be that as it may, these
examinations did not address erosive behavior at elevated
temperatures calls for investigation of Cr3C2-NiCr/fly ash
cenosphere coating. Utilization of such environmental pollu-
tants in coatings may additionally decrease landfill burden if
developed successfully and can be dealt with as a eco-
accommodating coatings.

The present work deals with MDN 321 steel substrate,
which is most ordinarily utilized for jet engine parts, expansion
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joints, exhaust manifolds, chemical production equipments in
high-temperature environments and fire tube boilers (Ref 16).
Cr3C2-NiCr/fly ash cenosphere and Cr3C2-NiCr coatings are
deposited on MDN 321 steel substrate using atmospheric
plasma spray process. The erosion behavior of coatings and
substrate is investigated at 200, 400, 600 �C with 30� and 90�
impingement angles using Al2O3 erodent. Weight and volume
loss methods are used to estimate erosion loss. Erosion
mechanism of coating and substrate is dealt elaborately with
scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS).

2. Materials and Methods

2.1 Materials

MDN 321 steel procured from Mishra Dhatu Nigam Ltd.,
Hyderabad, India, is utilized as substrate, and its chemical
composition (wt.%) is 0.10 C, 1.46 Mn, 18.13 Cr, 10.36 Ni,
0.62 Ti, 0.55 Si, and balance Fe. Substrate is trimmed to the
dimension of 259 209 4 mm using diamond saw prior to the
plasma spraying. Commercially available agglomerated and
sintered Cr3C2-25NiCr powder (M/s. Spraymet Surface Tech-
nologies Pvt. Ltd., Bangalore, India) and fly ash cenospheres
(Cenospheres India Pvt. Ltd., Kolkata, India) are used as
coating feedstock. Mean particle diameter and density of
Cr3C2-25NiCr powder are noted to be 50 lm (laser diffraction
technique using Cilas 1064, France) and 2.6 g/cm3, respec-
tively. Mean particle diameter and density of cenospheres are
65 lm and 0.85 g/cm3, respectively (Ref 17-21). These
powders are blended mechanically having 70% mass fraction
of Cr3C2-25NiCr with 30% fly ash cenospheres. Figure 1
presents SEM micrograph of blended feedstock. Uniform
dispersion of cenospheres in Cr3C2-NiCr is apparent from the
micrograph. Further, cenospheres are seen to be intact, i.e.,
without any breakage due to mechanical blending.

2.2 Coating Deposition and Characterization

Plasma spraying of Cr3C2-NiCr/cenospheres blend and
Cr3C2-NiCr is carried out using METCO USA 3 MB. The
erosion performance of Cr3C2-NiCr/cenosphere coating is
compared with Cr3C2-NiCr coating. Adhesion between the
coating and substrate is ensured by grit blasting the surface of
substrate before being plasma sprayed using alumina powder

(mean particle dia. of 150 lm). Table 1 lists spray parameters
used in the plasma spray process. Amid plasma spraying,
powder is supplied by the feeder, which is mixed with argon gas
at predetermined pressure. Further, mixture flows towards the
plasma stream prior to getting deposited on the substrate.
Deposition of coating per pass is in the range of 12-15 lm with
40-45% spraying efficiency. The phases present in blended
powder and coating are analyzed by x-ray diffraction (XRD)
(DX GE-2P, JEOL, JAPAN). Coated samples are sectioned
using diamond saw for micrographic analysis. Samples are
polished along the cross section using 220, 400, 600, 800, 1000
grit emery papers followed by 1/0, 2/0, 3/0, and 4/0 grade emery
papers. Final mirror finish is obtained by cloth polishing using
0.5 lm diamond paste. Cross-sectional microstructure is
observed through SEM. Porosity of the coating is computed
using optical microscope supported with biovis image analyzer
(ARTRAY, AT 130, JAPAN). Twenty view fields are analyzed,
and average values are reported. Microhardness is measured on
the cross section of the coating and substrate at 300 g load using
OMNITECH Vickers microhardness tester. Average values are
reported from 20 indentations taken at different locations.

2.3 Ductility

Ductility of the thermal sprayed cermet coatings differs from
bulk materials (Ref 22). Nano-indentation test is carried out on
the binder and hard phase using nano-hardness tester (Agilent,
G200, USA). Ductility of the coating is measured by load–

Fig. 1 Morphology of as-blended Cr3C2-NiCr and cenospheres

Table 1 Plasma spray process parameters

Plasma gas (argon + hydrogen) Pressure 0.75 MPa
Flow rate 40 lpm

Powder carrier gas (Argon) Pressure 0.35 MPa
Flow rate 7 lpm

Current 490 A
Voltage 60 V
Powder feed rate 60 g/min
Stand of distance 100-125 mm

As provided by Spraymet Surface Technology Pvt. Ltd., Bangalore,
India

Fig. 2 Schematic representation of the erosion test setup
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displacement plots obtained from nano-indentation test using
ratio of the plastic work, Wp to total work, Wt (Ref 23). Wp is
estimated from the area enclosed by the loading–unloading
curve, and Wt is represented by the area below loading curve in
load–displacement plot.

2.4 Adhesion Strength and Indentation Fracture Toughness

The adhesion strength of the coating is assessed utilizing
ASTM C-633-13 (pull-off method) standard. Test is carried out
in tension mode using universal testing machine (AG–X plus,
Shimadzu hydraulic tensile test machine, Japan) with strain rate
of 0.016 mm/s. Cylindrical samples of dimension 259 25 mm
are used for the adhesion strength test. HTK Ultra bond epoxy
resin is utilized as glue to stick Cr3C2-NiCr/cenosphere coated
sample with the counter block. Samples are cured at 150 �C for
3 h in tubular furnace preceding test (Heatron Industrial
Heaters, Mangalore, India). The adhesion strength is estimated

by evaluating the ratio of maximum tensile load to cross-
sectional area, and average values of five samples are reported.

Fracture toughness of the coating is calculated by indenta-
tion method. Indentation is carried out with 1 kg load using
Vickers pyramid indenter, wherein the diagonal of indenter is
parallel to coating–substrate interface. Equation for fracture
toughness using crack length is given by Ref 16,

KIC ¼ 0:0193ðHVdÞðE=HVÞ2=5ðaÞ�1=2 . . . c=d � 2:5ð Þ
Palmqvist Cracks ðEq 1Þ

KIC ¼ 0:0711ðHVd
1=2ÞðE=HVÞ2=5ðc=dÞ�3=2 . . . c=d � 2:5ð Þ

Half pennyCracks ðEq 2Þ

where �HV� is the Vickers hardness, �E� is the Young�s modu-
lus, and �d� is the half diagonal of the Vickers indentation.
The radial crack length �a� equals difference between indenta-
tion crack length �c� and half diagonal of the Vickers indenta-
tion �d.� Values of �a,� �c,� and �d� are measured from
SEM micrographs.

2.5 Erosion Test

Solid particle erosion test is carried out on both coated
samples and substrates as per ASTM G76-13 standard using air
jet erosion tester (TR-471-800, Ducom instruments private
limited, Bangalore, INDIA). Alumina grit is utilized as erodent.
Schematic representation of the test setup is presented in Fig. 2.
Erodent is fed into mixing chamber using conveyor belt at 2 g/
min to get mixed with heated air flowing through spiral tube
which in turn is surrounded by tubular heaters. Erodent and air

Table 2 Erosion test parameters

Erodent Alumina

Erodent average size, lm 50
Erodent velocity, m/s 30
Erodent feed rate, g/min 2
Impact angle, � 30 and 90
Temperature, � 200, 400 and 600
Test time, min 15
Standoff distance, mm 10
Nozzle diameter, mm 1.5

Fig. 3 (a) and (b) Micrographs of as-deposited Cr3C2-NiCr/cenosphere coating and (c) EDS elemental mapping
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mixture impinge at 30 m/s on the sample, which is rigidly fixed
in the holder as shown in Fig. 2. Erodent velocity is measured
by double disc method prior to the test. Specimen kept in
sample holder is heated by bottom heater comprising of hollow
cylinder with heating elements. Impact angle on specimen is
varied by changing sample holder orientation with respect to
the particle stream flowing out of the nozzle. Table 2 presents
erosion test parameters used in the present work.

Preceding the test, samples are cleaned in acetone, dried,
and clamped in the erosion testing machine. All the sam-
ples are subjected to the predefined temperatures for 20 min
before test to reproduce actual testing conditions. Samples after
test are acetone cleaned, dried, and weighed using electronic
weighing balance (least count of 0.0001 g) to estimate mass
loss. The erosion rate is computed by ratio of mass loss to
erodent particles mass. The volume loss of the eroded samples
is quantified using 3-D optical non-contact profilometer (Zeta
instruments, USA). Test is carried out three times for each test
conditions, and average value is reported.

3. Results and Discussion

3.1 Microstructure Analysis of Coating

Figure 3(a) presents cross-sectional micrograph of as-de-
posited Cr3C2-NiCr/cenosphere coating. As observed from the

micrograph, coating is bonded well with substrate and shows
uniform dispersion of the cenospheres. Average thickness of
coating observed is 400 lm with an average area porosity of
3.5± 0.5%. Micrograph of marked zone in Fig. 3(a) is
presented in Fig. 3(b). Lamellar dense packed structure of
Cr3C2-NiCr is evident from Fig. 3(b). Constituents of the
coating are identified based on EDS analysis (Table 3) and
present are marked as 1-NiCr solid solution matrix, 2-Cr3C2

particles embedded in NiCr matrix, and 3-cenosphere particles.
Figure 3(c) depicts elemental mapping of coating, which
clearly shows distinct splats enriched with oxygen and coexists
with silicon and aluminum indicating the presence of respective
oxides on the cenospheres. Nickel and chromium are dis-
tributed around the cenospheres splats uniformly.

3.2 XRD Analysis

The x-ray diffraction pattern of blended powder and as-
sprayed Cr3C2-NiCr/cenosphere coating is presented in

Table 3 EDS analysis of coating at the designated point
in Fig. 3(b)

Element Oxide Phase 1 Phase 2 Phase 3

… SiO2 … … 60.70
… Al2O3 … … 36.24
… Fe2O3 … … 3.04
C … 04.39 14.05 …
Cr … 19.27 60.84 …
Ni … 74.67 25.11 …

Fig. 4 (a) XRD pattern of as-blended powder and Cr3C2-NiCr/cenosphere coated sample (b) eroded sample at different temperatures

Fig. 5 Microhardness profile of substrate and Cr3C2-NiCr/ceno-
sphere coating
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Fig. 4(a). Distinct major peaks of 3Al2O32SiO2, Al2SiO5, and
SiO2 and minor peaks of Cr3C2, Al2O3 are observed in blended
powder. The slight broadened peaks are observed in the coated
samples due to differential dissolution of carbides in NiCr
binder. Cr23C6, Cr, and Ni are major peaks while SiO2, Al2SiO5

are minor peaks in the coated sample as observed from
Fig. 4(a). The x-ray diffraction pattern of eroded samples at
200, 400, and 600 �C is presented in Fig. 4(b). Considerable
difference in intensity is not seen at highest intensity peaks at
200, 400, and 600 �C, and intensity is observed to be 800
arbitrary unit. There is no evidence of oxide formation at
200 �C. Nevertheless, at elevated temperatures, oxides of active
elements of coating are seen to be formed. NiCr2O4 is observed
to be formed at 400 �C, whereas the presence of Cr2O3,
NiCr2O4, NiCrO3, and NiO is observed at 600 �C.

3.3 Microhardness Measurement

The variation in microhardness values as a function of
distance from the coating–substrate interface is shown in
Fig. 5. The average microhardness of the coating and the
substrate is 1134± 52 and 189± 10 HV, respectively. Micro-
hardness is increased across the interface of substrate and
coating due to peening stresses developed during grit blasting
prior to coating process. This results in work hardening of
substrate. Microhardness of the coating is seen to be varied
along the cross section due to in homogeneties in the coating
microstructure.

3.4 Ductility

Ductility of the Cr3C2-NiCr/cenosphere coating is measured
in binder and hard phases. Wp/Wt varies between 0 (perfectly
elastic) and 1 (perfectly plastic) (Ref 23). Wp/Wt ratio of the
coating in the binder and hard phases is 0.86 and 0.57,
respectively, indicating better ductility. Further, it represents
plastic deformation of the matrix preferred for improving
coating erosion resistance.

3.5 Adhesion Strength and Indentation Fracture Toughness

Durability of the coatings depends on adhesion strength
between the substrate and coating. Fracture surface reveals
adhesive failure between Cr3C2-NiCr/cenosphere coating and
substrate interface. The adhesion strength of the coating is
10.60± 2 MPa. Comparative estimations of adhesion
strength are accounted for by Behera and Mishra (Ref 14)
and Mishra et al. (Ref 24) for the plasma sprayed fly ash-
based composite coatings. Fracture toughness is computed
using Eq 1 as the ratio c/d measured by indentation is in the
range of 1-1.6 indicating existence of Palmqvist cracks.
Cracks are initiated from the indenter end and are parallel to
the coating–substrate interface. The average value of fracture
toughness observed is 5.4± 0.40 MPa m1/2, which is higher
than fracture toughness revealed by Robertson and White
(Ref 25) and Bolelli et al. (Ref 26) for Cr3C2-NiCr HVOF
sprayed coatings.

Fig. 6 (a) and (b) Eroded profiles of substrate at 600 �C, (c) erosion rate, and (d) volume loss as function of temperature at 30� and 90� impact
angles, respectively
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3.6 Erosive Behavior of Substrate and Coating

Figure 6(a) and (b) presents 3-D profiles of eroded substrate
surface at 600 �C with impact angles of 30 and 90�, respec-
tively. Large crater is observed at 90� impact angle as seen in
Fig. 6(b), which demonstrates maximum material expulsion
brought about higher erosion volume loss. Effect of tempera-
ture on the erosion rate and volume loss is presented in
Fig. 6(c) and (d). Erosion rate and volume loss increase with
increase in the test temperature and impact angle, more
conspicuous being at higher values (Fig. 6c and d). Erosion
volume loss at 600 �C is approximately 3.5 and 2.5 times
higher than at 200 �C for 30� and 90� impact angles,
respectively. Increment in the test temperature brings about
abatement of substrate hardness owing to annealing effect. At
higher temperatures, formed oxide layer is lacking to oppose
erodent impact bringing about oxide layer splitting and its
consequent evacuation. Consequently increasing volume loss is
noted with ascend in test temperature.

Three-dimensional profiles of eroded Cr3C2-NiCr/ceno-
sphere coating surface at 600 �C with 30 and 90� impact
angles are presented in Fig. 7(a) and (b). Material is removed in
larger area at 30� impact angle (Fig. 7a) indicates erodent
particle slides at first glance amid the erosion test where in at
90� impact angle material is expelled in smaller area with more
profundity of the holes shows erodent impinging the surface
without sliding at first glance. Effect of temperature on the
erosion rate and volume loss is presented in Fig. 7(c) and (d). It
is observed that the erosion rate and volume loss of the coating

diminish with increment in temperature for both the impact
angles and are lower at 30�. Comparable outcomes are
accounted for by Yang et al. (Ref 3) for Cr3C2-NiCr coating
for boiler tube application. The erosion volume loss at 600 �C
is noted to be four times less than that observed at 200 �C. The
decline in the erosion volume loss with temperature rise is
credited to higher hardness and temperature stability of the
constituents present in the coating. At higher temperature,
ductility of the coating increases, prompting plastic deforma-
tion of NiCr binder phase. This reduces the localized brittle
cracking of binder phase and hard particles interface (Ref 27).
In addition, protective oxide layer of Cr2O3, NiCr2O4, and NiO
has been formed at higher temperatures reducing further
coating volume loss. The erosion volume loss at 90� impact
angle is more than that at 30� at all the test temperatures,
inferring brittle mode of material removal. At 90� impact angle,
the region of contact is less for erodent particles and because of
strain localization, oxide layer fails to resist impact load by
formations of fragments, leading to cracks. Accordingly,
erosion volume loss is apparently increased.

Figure 8(a) and (b) presents 3-D profiles of eroded Cr3C2-
NiCr coating surface at 600 �C with impact angles of 30 and
90�, respectively. Contact area of erodent during testing at 30�
impact angle is more as compared to 90� impact angle. Effect of
temperature on the erosion rate and volume loss is presented in
Fig. 8(c) and (d). Cr3C2-NiCr coating displays comparable
erosion rate and volume loss slant trend as that of Cr3C2-
NiCr/cenospheres coating. Erosion rate and volume loss of

Fig. 7 (a) and (b) Eroded profiles of Cr3C2-NiCr/cenosphere coating at 600 �C, (c) erosion rate, and (d) volume loss as function of temperature
at 30 and 90� impact angles, respectively
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Cr3C2-NiCr coating are brought down and contrasted with
Cr3C2-NiCr/cenosphere coating at all the test temperatures.
Erosion volume loss of Cr3C2-NiCr coating at 30� impact
angle, 200 and 600 �C is 2.95 and 0.87 mm3, which are 22 and
13% lower contrasted with Cr3C2-NiCr/cenospheres coating,
respectively. Higher erosion volume loss of Cr3C2-NiCr/ceno-
sphere coating is due to the high volume fraction of cenosphere
reinforcement, which leads to loose bonding between the spalts
in the coating. Amid erosion test, such loosely bonded spalts
are gouged out from the coating surface prompting higher
erosion volume loss.

Figure 9(a) and (b) demonstrates the morphology of the
eroded substrate surface at 600 �C with both the impact angles.
Most extreme material loss takes place in ductile mode at low
impact angles while higher impact angle represents material
removal in brittle mode (Ref 28). From Fig. 9(a), it is observed
that material has experienced severe plastic deformation, which
brings about substrate plowing and forms lip at the exit end of
the erodent. With subsequent impacts, these highly strained lips
are vulnerable to get removed as micro-platelets. A few grooves
and cracks are also observed in the micrograph. At higher
temperature, hardness of the substrate diminishes and as the
erodent particle slides, material gets deformed to get removed
subsequently. At 90� impact angle (Fig. 9b), craters are
observed. As erodent particles impact the surface, crack gets
started bringing about oxide layer fragmentation (Fig. 9b).
With consequent impact of erodent, fragments of oxide layer

are expelled from the surface in the form of micro-platelets-
producing craters.

Figure 9(c) demonstrates the morphology of the eroded
Cr3C2-NiCr/cenosphere coating surface at 600 �C under impact
angle of 30�. At this lower angle, hard erodent particles slide
first glance and being in contact for more extended time, form
lips by plowing the binder region. With subsequent impacts,
these profoundly strained lips are vulnerable to get removed as
micro-platelets (Ref 29). The EDAX analysis at point �1�
(plowing location) in Fig. 9(d) confirms the NiCr-rich binder
phase. In addition, plowing of the relatively softer binder phase
uncovered the hard particles to the erodent and further gouged
out by repeated hammering impact of erodent particles leading
to small craters formation.

Figure 9(e) demonstrates the morphology of eroded coating
surface at 600 �C at 90�. The maximum volume loss has
occurred at this angle inferring coating removal by brittle
mechanism. Coating is removed by cracking and chipping
owing to strain localization at higher impact angle, which is
resulted in formation of craters as seen in Fig. 9(e). At first,
cracks generate at the interface of matrix and hard particles as
only one-third interface area is bonded together in plasma spray
coatings while remaining area acts as interlamellar gaps, which
can be considered as preexisting cracks (Ref 30). EDAX
analysis (Fig. 9f) at point 1 confirms hard particle region,
where crack is formed. With progress of erosion by erodent
particles, cracks are developed and result in chipping of hard

Fig. 8 (a) and (b) Eroded profiles of Cr3C2-NiCr coating at 600 �C, (c) erosion rate, and (d) volume loss as function of temperature at 30 and
90� impact angles, respectively

1598—Volume 27(4) April 2018 Journal of Materials Engineering and Performance



particles, leading to formation of crater as observed in
micrograph.

Prevailing study points out a successful development and
high-temperature erosion behavior of Cr3C2-NiCr coating
incorporating industrial waste cenosphere. The Cr3C2-
NiCr/cenosphere coating exhibited lower erosion volume loss
at elevated temperatures compared to MDN 321 steel substrate
and higher erosion volume loss than Cr3C2-NiCr coating.
Optimum percentage of cenosphere in Cr3C2-NiCr coating
makes them suitable for high-temperature applications.

4. Conclusion

• The use of plasma spray has been applied successfully in
the deposition of Cr3C2-NiCr/cenosphere coating having
adhesion strength of 10.60 MPa.

• The resistance to erosion that is developed by the Cr3C2-
NiCr/cenosphere coating is directly proportional to the in-
crease in temperature ranging between 200-600 �C. Ero-
sion resistance of developed Cr3C2-NiCr/cenosphere

coating increases with increasing temperature in the range
of 200-600 �C, more prominent being at 30� impact angle.
At elevated temperature, erosion resistance of coating is
76% higher than MDN 321 steel substrate.

• Higher erosion resistance of coating at elevated tempera-
ture is due to high-temperature stability of the coating
constituents and formed protective oxide layer on the
coating surface.

• Cr3C2-NiCr/cenosphere coating exhibits brittle erosion
mechanism, wherein material is removed by crack forma-
tion and chipping at higher impact angle.

• Cr3C2-NiCr coating showed less erosion volume loss at
200-600 �C than Cr3C2-NiCr/cenosphere coating.
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